Abstract. Although large cryogenic space telescopes may provide a means of answering compelling astrophysics questions, the required increase in the primary mirror diameter presents technical challenges. Larger primaries are more flexible, and cryogenic mirrors are typically very lightly damped-the material damping is negligible, and common damping methods break down. To address these challenges, we propose placing flux-pinning mechanisms along the edges of adjacent mirror segments. These mechanisms consist of a collection of magnets and superconductors, and like flexures, they preferentially allow motion in specific degrees of freedom. Motion in nonpreferred degrees of freedom is resisted by a force analogous to a damped spring force, and the stiffness and damping can be adjusted independently. As an example, we consider simple mechanisms consisting of an inexpensive magnet and a single superconductor. These mechanisms provide increasing resistance as the magnet and superconductor-or mirror segments attached to each-come closer to colliding. These mechanisms, with typical stiffness and damping values on the order of 5000 N∕m and 5 kg∕s, respectively, also provide modest improvements to the mirror performance. Greater gains can be achieved by using stronger magnets or smaller separations, or by placing nonmagnetic conductive materials near the mechanism.
Large cryogenic space telescopes may provide a means of answering several compelling astrophysics questions, but the required increase in the primary mirror diameter presents numerous technical challenges. Proposed investigations of early star formation, planetary system evolution, and the presence of large organic molecules in interstellar disks, for example, require a 10-to 16-m class far-IR to submillimeter space telescope; in this wavelength range, atmospheric extinction precludes groundbased measurements, and existing space telescopes suffer from source confusion. [1] [2] [3] [4] It is also expected that high-resolution far-IR observations will lead to new discoveries, possibly concerning the emergence of cosmic structure. 4, 5 However, for an observatory to obtain an angular resolution in the far-IR that is comparable to Hubble's resolution in the visible, its diameter must be on the order of 1 km. 5 By comparison, Herschel, the largest space telescope to operate in the far-IR to submillimeter range, has a primary diameter of 3.5 m. 6 As the primary mirror diameter of future cryogenic observatories increases, maintaining a stable wavefront becomes increasingly challenging since the first natural frequency decreases as the diameter squared, the material damping is negligible, and other common damping methods break down at low temperatures. [7] [8] [9] [10] [11] Although large stiff precision structures are considered an enabling technology for large cryogenic mirrors, 12 an alternative approach to increasing mirror stability is to use an edgewiseconnected architecture. In this approach, mechanisms analogous to damped springs are placed along the edges of the primary mirror segments. The stiffness and damping contributions from the mechanisms reduce the requirements for the supporting structure, and if the mechanisms are sufficiently stiff, the segmented mirror performs comparably to a monolith even if the mechanisms are the only structural connections to the segments. 13 While the mechanisms can be a collection of damped springs or any other device with similar behavior, flux-pinning mechanisms are uniquely suited for cryogenic mirrors.
Unlike mechanical devices, which can have problems with lubrication, coefficient of thermal expansion (CTE) matching, and thermal snap, flux-pinning mechanisms operate best at cryogenic temperatures. These passively stable, noncontacting mechanisms consist of a collection of magnets and type II superconductors and require only low temperatures; no power is needed other than the minimal amount, if any, necessary for cooling. Like a flexure, a flux-pinning mechanism preferentially allows motion in specific degrees of freedom, which depend on the mechanism design, as described in Sec. 2. Motion in the nonpreferred degrees of freedom is resisted by a force analogous to a damped spring force, and the stiffness and damping can be adjusted independently. These mechanism properties depend on the choice of magnets, the separation between the magnets and superconductors, and the presence of nonmagnetic conductive materials, such as aluminum.
As an example, we consider simple mechanisms consisting of an inexpensive magnet and a single superconductor separated by distances on the order of 1 mm (Secs. 3 and 4). These mechanisms can be trained to follow a particular displacement pattern when loaded, and they provide increasing resistance the closer the magnet and superconductor-or mirror segments attached to each-come to colliding. Typical stiffness and damping values are on the order of 5000 N∕m and 5 kg∕s, respectively (Sec. 3). As shown in Sec. 4, mechanisms with these values provide modest improvements to the performance of an edgewise-connected mirror. Greater gains can be achieved by using stronger magnets or smaller separations, or by placing nonmagnetic conductive materials near the mechanism.
Flux-Pinning Mechanisms
Flux pinning, a physical interaction between a magnet and a type II superconductor, is analogous to a noncontacting damped spring force. This force is due to the presence of impurities that allow the magnetic field to penetrate into the superconductor material. As the superconductor cools below its critical temperature [approximately 90 K for yttrium barium copper oxide (YBCO) 14 ], the magnetic field lines are "frozen" in place; motions that change the magnetic field distribution inside the superconductor induce supercurrents that oppose the change. As a result, the relative orientation and position of the magnet and superconductor are passively stabilized in every direction that has a magnetic field gradient.
A useful conceptual model is the frozen-image model, which explains the forces between a magnet and a type II superconductor by replacing the superconductor with two image magnets. 15 The first image magnet, called the mobile image, is a reflection of the permanent magnet across the superconductor surface (Fig. 1 ). This image moves as the permanent magnet moves, and since the two magnets have opposite moments, the interaction between them is repulsive. The second image magnet, called the frozen image, is stationary. This image is almost a perfect reflection of the permanent magnet at the time the superconductor cooled below its critical temperature; the orientation and position of the frozen image are reflections of the orientation and position of the permanent magnet at this time, but the magnetic moment is in the same direction as that of the permanent magnet. The force on the permanent magnet is the sum of the forces due to each image magnet. As a result, the permanent magnet is in equilibrium when it is in its initial orientation and position since the forces from the images cancel. As the magnet moves closer to the superconductor, the force from the mobile image dominates, and the magnet is repelled. Similarly, as the magnet moves further from the superconductor, the force from the frozen image dominates, and the magnet is attracted.
For small motions, the force between the magnet and superconductor is analogous to a damped spring force, with the stiffness and damping determined by a variety of factors including the choice of magnet and superconductor, the separation during cooling, and the presence of conductive materials. [16] [17] [18] For a cylindrical magnet levitated over a cylindrical superconductor, the stiffness for motions perpendicular to the magnet-superconductor interface has been determined empirically to be approximately twice the stiffness for motions parallel to the interface, 19, 20 and the stiffness increases nearly exponentially as the cooling separation decreases. 16 Stiffer interfaces result from using stronger magnets, stronger superconductors, and smaller separations. Additionally, the amount of damping can be increased independently by placing nonmagnetic conductive materials, such as aluminum, near the interface. The inherent damping arises from hysteretic losses, 21, 22 and placing nonmagnetic conductive material nearby increases the total damping by providing a source of eddy current damping. Previous experiments have demonstrated that placing aluminum near the magnet and superconductor can increase the damping substantially, altering the response from imperceptibly damped to strongly overdamped. 16 A flux-pinning mechanism is a configuration of magnets and superconductors that, like a flexure, preferentially allows motion in specific degrees of freedom. Since the mechanism stiffness depends on the magnet-superconductor cooling separation, these mechanisms fall into two broad categories: low-stiffness mechanisms that prioritize larger separations, and low-separation mechanisms that prioritize higher stiffness. Prior research into flux-pinning mechanisms has concentrated on designing mechanisms that serve as joints between spacecraft modules. 16, 23, 24 While these mechanisms belong in the first category since large separations are desired, similar techniques can be applied to designing optomechanical interfaces, which typically require high stiffnesses in order to control motion to a fraction of a wavelength. [25] [26] [27] [28] Since flux pinning resists changes to the magnetic field distribution inside the superconductor, one design approach is to shape the magnetic field so that it is constant in directions where motion is desirable. For example, to allow only translation along a line, like a parallel-blade flexure, one mechanism design consists of a cubical superconductor pinned between two long cylindrical magnets [ Fig. 2(a) ].
‡ Since a line between and parallel to the magnets is the only direction without a magnetic field gradient, it is the only direction in which the superconductor can move freely; the geometry of the superconductor restricts In this model, flux pinning is described as the interaction between the permanent magnet and two image magnets that form as the superconductor cools below its critical temperature (a, b). The mobile image is a mirror image of the permanent magnet, and it moves as the permanent magnet moves (c). The frozen image is almost a mirror image of the permanent magnet at the moment the superconductor cools below its critical temperature; the orientation and position are mirror images, but the dipole vector is the same. The frozen image does not move. The force on the permanent magnet is the sum of the forces due to the image magnets. ‡ This configuration corresponds to the prismatic joint described in Refs. 16 and 24. rotation about this line. Similarly, to allow only rotation about an axis, like a cross-blade flexure, the flux-pinning mechanism consists of a small cylindrical magnet pinned above a superconducting disk, as shown in Fig. 2(b) . Since the line connecting the magnet and superconductor is an axis of symmetry for the magnetic field, rotations about this axis are unconstrained. Motions in any other direction, however, are opposed by a restoring force since there is a magnetic field gradient. An alternative approach to flux-pinning mechanism design is to combine field shaping with mechanical constraints. As an example, a flux-pinning mechanism analogous to a wire flexure consists of a cylindrical superconductor pinned to a spherical magnet mounted inside an inverted cone [ Fig. 2(c) ]. This mechanism allows motion in five degrees of freedom. As before, the line connecting the magnet and superconductor is an axis of symmetry for the magnetic field, so the superconductor is free to rotate about this axis without disturbing the magnet. However, a springlike restoring force opposes any motions that change the relative orientation and position of the magnet, such as motion along the line connecting the two. As a result, rotating the superconductor about the cone will cause the magnet to rotate correspondingly since it is free to move within the cone; radial translation is the only motion the mechanism resists.
For the edgewise-connected mirror analysis that follows, we have selected the mechanism described in Fig. 2(b) . This mechanism consists of a 56-mm single-domain melt-textured YBCO disk 14 paired with a neodymium disk magnet, and the cooling separation varies from 0.5 to 2 mm. To represent this mechanism as a collection of collocated damped springs, it is assumed that all of the important dynamics can be captured by considering only the relative translations between the magnet and superconductor. While this mechanism does resist bending to some extent, it is assumed that the resistance from a single mechanism is negligible. Instead, bending stiffness is added by using pairs of mechanisms, as shown in Fig. 3 , separated by a distance d r .
In this model, there are two rows of mechanisms along each segment edge, and each pair of mechanisms is represented by a set of four collocated single-degree-of-freedom damped springs. One of these damped springs corresponds to translation perpendicular to the superconductor surface, with stiffness k ⊥ , and two of the springs correspond to translation parallel to the superconductor surface, with stiffness k k . The remaining spring corresponds to bending, with stiffness Like a flexure, a flux-pinning mechanism preferentially allows motion in specific degrees of freedom. These degrees of freedom depend on the mechanism design, and there are two basic design approaches: shaping the magnetic field so that there is no change in the degrees of freedom in which motion is desired (a, b), and combining field shaping with mechanical constraints (c).
(b) (a) Fig. 3 The mechanism model. As an example, we consider the case of an edgewise-connected mirror using the flux-pinning mechanisms shown in Fig. 2 (b). While these mechanisms resist bending to some extent, it is assumed that the resistance from a single mechanism is negligible; bending stiffness is added by using pairs of mechanisms, as circled on the segment in (a). In the model, each pair of mechanisms is represented by a set of four collocated single-degree-of-freedom damped springs (b), capturing the resistance to bending and translation. [Note that in (b), each set of four collocated springs is drawn as a single spring-damper pair].
perpendicular to the magnet-superconductor interface as it is for motion parallel, we assume that k ⊥ is twice k k , and to account for the two rows of mechanisms, k ⊥ and k k are also twice the values for a single mechanism. Finally, for simplicity, the damping is assumed to be isotropic.
Mechanism Characterization
The performance of an edgewise-connected mirror depends on the mechanism stiffness and damping. 13 For a flux-pinning mechanism, these properties are affected by design choices including the cooling separation, the magnet strength, and the presence of conductive materials. To investigate the achievable stiffness and damping for mechanisms with cooling separations on the order of millimeters, rather than centimeters, we conducted a series of static and dynamic measurements for various mechanisms of the type shown in Fig. 2(b) . The static measurements provide insight into the basic mechanism behavior (Sec. 3.2), while the dynamic measurements illustrate how the stiffness and damping depend on the mechanism parameters (Sec. 3.3). These static and dynamic measurements required constructing a specialized apparatus to address challenges posed by the need for cryogenic temperatures and the requirement for materials that would not interact with the mechanism, as described in Sec. 3.1.
Measurement Apparatus
The stiffness and damping measurements present a number of practical challenges since flux-pinning mechanisms require cryogenic temperatures and interact with magnetic or conductive materials. For high-temperature superconductors such as YBCO, 14 the critical temperature is high enough that the mechanisms can be cooled in liquid nitrogen rather than using a cryogenic chamber. If this technique is used, the measurement apparatus must be able to withstand the repeated thermal shocks and large temperature gradients associated with rapidly cooling the mechanism. Low thermal conductivity and a low CTE are also desirable to minimize the frequency of replenishing the liquid nitrogen and the effects of temperature fluctuations. The apparatus must also be sufficiently stiff that the experiments measure the stiffness of the mechanism, not the apparatus. Finally, the apparatus cannot be constructed from magnetic or conductive materials, which would interact with the mechanism and interfere with the measurements.
§ To address these challenges, we fabricated a specialized measurement apparatus using Zerodur, a lowexpansion ceramic. 29 This apparatus has two configurations: a static configuration for measuring the perpendicular stiffness and a dynamic configuration for measuring the parallel stiffness and damping. In the static configuration, a lever arm measures displacements perpendicular to the magnet-superconductor interface as the 
The static measurements (schematic). To determine the perpendicular stiffness, changes in the magnet-superconductor separation are measured as the mechanism is loaded with a sequence of known weights. These weights are placed on a lever arm that rotates as the magnet-superconductor separation changes, and the changes are measured by reflecting a laser off a mirror attached to the lever arm and tracking the location of the reflected beam spot (a). The displacement due to the applied weight corresponds to a rotation angle of θ weight , which can be determined from the location of the reflected beam spot by considering the experiment geometry (b). In the figure, the variousn show how the mirror normal is affected by thermal effects, various misalignments, and any applied weight. As an example, cooling the apparatus from room temperature to cryogenic temperatures causes the mirror normal to change from n warm ton cool since contraction of the mechanism rotates the lever arm by θ cool . The final mirror normal, which accounts for the misalignments, thermal effects, and applied weight, is denoted byn. (Angles in the figure have been exaggerated for clarity). § Although not present during testing, magnetic fields from other sources could also affect the measurements if sufficiently strong: nearby electromagnets, for example, can be used to actively control the magnet-superconductor separation by perturbing the magnetic field distribution in the superconductor. 16 In general, the significance of an external perturbation can be determined by comparing measurements taken in both the presence and absence of the perturbation.
mechanism is loaded and unloaded incrementally with known weights [ Fig. 4(a) ]. In the dynamic configuration, a cantilever suspends the magnet over the superconductor, with a parallelblade flexure restricting the motion to a line parallel to the superconductor surface (Fig. 5) . In both configurations, the superconductor rests on a Zerodur platform insulated by a Styrofoam box that contains the liquid nitrogen; areas outside this box are at room temperature except as cooled by stray nitrogen vapors or thermal conduction. For stability, the platform is supported by three Zerodur legs that pass through the Styrofoam to rest on a granite table. To allow for switching between configurations, the lever arm and cantilever are both removable, aside from their support posts, which are fixed to the platform. The lever arm, cantilever, and support posts are all constructed of Zerodur as well.
Static Measurements (Perpendicular Stiffness)
To determine the perpendicular stiffness and investigate the mechanism behavior, we measured changes in the magnetsuperconductor separation as the flux-pinning mechanism was loaded with a sequence of known weights and incrementally unloaded. In these static experiments, the superconductor was constrained so that changes in the magnet-superconductor separation corresponded to displacements of the magnet. These displacements, Δh, were measured by reflecting a laser off a mirror mounted to a lever arm that rotated as the separation changed, and tracking the location of the reflected beam spot on a target a distance D away (Fig. 4) . The raw measurements, then, consisted of a set of positions for the reflected beam spot. We determined these positions, H target , by inking each location directly on the target and, after testing, using a drafting machine to meticulously measure the distance between each location and a reference line.
Processing this raw data requires relating changes in H target to Δh, which can be accomplished by considering the experiment geometry and the changes that occur as the mechanism and apparatus transition from room temperature to cryogenic temperatures and as the spacer that constrains the magnet-superconductor separation during cooling is removed. At room temperature, the location of the reflected beam spot is determined by the deviation of the mirror normal from 45 deg, α n , the laser misalignment, α l , and the initial tilt of the lever arm, α p [ Fig. 4(b) ]. Since the pivot mirror rotates with the lever arm, the total tilt changes the height of the spot where the laser intersects the mirror, shifting the height of the reflected beam by δz. As liquid nitrogen is added, the apparatus expands/contracts on a global scale, changing the position of the reflected beam spot by Δz cool . Similarly, contraction of the magnet, superconductor, and spacer alters the total height of the mechanism, causing the pivot arm to rotate by an additional amount θ cool . These two effects are distinguished by comparing changes in the location of the reflected pivot beam spot to changes in the location of a reflected spot from a laser aimed at a reference mirror attached to a stationary part of the apparatus. After the experiment reaches thermal equilibrium, the spacer between the magnet and the superconductor is removed, and the mechanism is loaded with a known weight. As the magnet-superconductor separation decreases in response to the weight, the lever arm rotates by an additional amount θ weight .
At each stage of the experiment, the translation of the reflected pivot beam spot is related to the total lever arm rotation, θ, by
where H target is the height of the reflected pivot beam spot relative to the height of the point where the beam intersects the mirror when the experiment is at room temperature. ∥ Since δz is given by
where ðx 1 ; z 1 Þ and ðx 2 ; z 2 Þ are points on the mirror surface and ðx α ; z α Þ is the point where the beam hits the mirror initially, ¶ Eq. (1) can be rewritten as
The various rotation angles are determined by iteratively solving Eq. (2) for θ and noting that The dynamic measurements (schematic). The parallel stiffness and damping are determined by measuring the impulse response. For these measurements, a cantilever suspends the magnet over the superconductor, with a parallel-blade flexure restricting the motion to a line parallel to the superconductor surface.
∥ This equation can be derived by using Snell's law and considering the experiment geometry [ Fig. 4(b) ]. The angle between the reflected beam and horizontal, θ w , is related to H target and D by D tan θ w ¼ H target − Δz cool − δz. This angle also simultaneously satisfies the equations ðπ∕2Þ ¼ θ w þ 2θ i − α l and ðπ∕4Þ ¼ θ w þ θ i − θ − α n , where θ i is the angle of incidence of the laser beam. Combining these three equations results in Eq. (1) . ¶ This expression for δz can be derived by considering how the coordinates of two points on the mirror change as the mirror rotates by θ, using these coordinates to define a line along the mirror surface, and finding the point on this line whose x-coordinate equals x α . θ ¼
< :
α p when the experiment is warm; α p þ θ cool when the experiment reaches thermal equilibrium; α p þ θ cool þ θ weight when weights are applied.
To relate θ weight to the displacement caused by adding the weight, Δh weight , we begin by noting that once the experiment reaches thermal equilibrium, the height of the lever arm pivot point relative to the bottom of the superconductor, H cold , is a constant. Before the spacer is removed, H cold is given by
where d is the distance from the pivot point to the end of the lever arm, l is the length of the vertical section of the lever arm, h disk is the thickness of the Zerodur disk at room temperature, Δh disk is the change in h disk due to cooling, h is the distance from the bottom of the superconductor to the top of the magnet at room temperature, and Δh cool is the change in h due to cooling (Fig. 6 ). After the spacer is removed and weights are applied, H cold is given by
Equating these two expressions and solving for Δh weight , we find that
which for small angles reduces to
For our experiments, the target was placed a distance D ¼ 15;300 mm away, while the distance from the pivot point to the end of the lever arm was d ¼ 109 mm. As a result, changes in the magnet-superconductor separation were magnified by approximately a factor of 280; a 0.5-mm change in the separation, for example, caused the reflected beam spot to move 140 mm on the target. All of the misalignment angles and θ cool were less than 1 deg (α l < 0.8 deg, α n ¼ 0.6 deg, jα p j < 1 deg, and θ cool < 0.5 deg), and since the magnet-superconductor separation was at most 2 mm, θ weight also did not exceed 1 deg. Consequently, the total rotation angle θ did not exceed 2.5 deg, justifying the small angle assumption.
To investigate the mechanism behavior, the mechanism was loaded with a sequence of weights, gradually increasing to a maximum of W seq , then unloaded in reverse order. After several repetitions, W seq was incremented to a new value. As Fig. 7 shows, the resulting displacement pattern is affected by the heaviest weight that has ever been applied, W max . As W max increases, the pattern shifts toward larger displacements. (If W seq is less than W max , the pattern does not shift back toward smaller displacements.) This effect appears to be an offset only, with no effect on the stiffness; when the offset between the average initial displacements for two sequences is subtracted, the data points for both sequences fall on the same curve. For practical purposes, this hysteretic behavior has two implications: the mechanisms can be trained to have a particular displacement pattern if the maximum load remains below some threshold, and the displacements will increase if this threshold is exceeded. Since the mechanisms are situated along the segment edges, the ability to specify the displacement pattern corresponds to an ability to specify the size of the gap between adjacent segments, which may prove beneficial in situations where the gap must remain above a minimum value.
The stiffness values can be estimated from the displacement pattern by approximating the derivative between adjacent data points. For two points ðΔh weight;1 ; W 1 Þ and ðΔh weight;2 ; W 2 Þ, the stiffness corresponding to the mean displacement is approximately
As Fig. 8 shows, the stiffness is nonlinear, and the shape of the curve depends on both the cooling separation and the magnet displacement. Decreasing the cooling separation increases the stiffness, as expected, and also leads to smaller shifts as W max increases. For a fixed cooling separation, the stiffness varies by an order of magnitude as the magnet-superconductor separation diminishes, increasingly sharply as the separation approaches zero. This increase is to be expected; previous work suggests that the stiffness increases nearly exponentially as the magnet approaches the superconductor. 30, 31 This behavior may prove beneficial in an edgewise-connected mirror: the mechanisms provide increasing resistance the closer the two segments come to colliding.
Dynamic Measurements (Parallel Stiffness and Damping)
To determine the parallel stiffness and damping and study their dependence on the mechanism implementation, we measured the impulse response for mechanisms with various magnets and cooling separations of 0.5-2 mm. Since flux pinning is affected by the shape and strength of the magnetic field present during cooling, magnets of different diameter and thickness were tested. In addition to conventional magnets, we also tested a Swirl magnet, a neodymium magnet imprinted with a magnetic field pattern that preferentially allows rotational motion. [32] [33] [34] This pattern was selected in order to investigate whether the rapidly changing magnetic field and its resistance to translation correspond to an increase in k k . For each mechanism, the stiffness and damping were extracted from the impulse response using eigensystem realization analysis, 35 and the results of multiple trials were averaged.
As shown in Figs. 9 and 10, k k and c generally increase as the cooling separation decreases or the magnet strength increases. These trends are to be expected since both stronger magnets and smaller cooling separations increase the magnetic flux penetrating into the superconductor during cooling; previous Fig. 7 The importance of W max . As the mechanism is sequentially loaded or unloaded, the displacement pattern depends on the maximum weight that has ever been applied, W max , rather than the heaviest weight in the sequence, W seq . Increasing W max shifts the pattern toward larger displacements without affecting the stiffness, and the pattern does not shift back toward smaller displacements if W seq < W max .
As an example, the displacement data from a sample experiment is shown, with different symbols representing various weight sequences. For the initial sequence, one weight is applied and removed repeatedly, causing the displacement to oscillate between two values. For the second sequence, two weights are applied in order, then removed. Initially, the displacement pattern is the same as for the first sequence, but once the applied weight exceeds the previous value of W max , the displacements change, following a different pattern as the weights decrease. This new pattern is then followed (whether weights are added or removed) until a subsequent sequence increases W max .
Journal of Astronomical Telescopes, Instruments, and Systems 014001-7 Jan-Mar 2015 • Vol. 1 (1) measurements have suggested that the stiffness increases nearly exponentially as the cooling separation decreases. 16, 36 For the mechanisms tested, the effects of varying the cooling separation are particularly noteworthy. As the cooling separation decreased from 2 to 0.5 mm, the stiffness increased by a factor of 2-10, with typical values on the order of 1000 N∕m, and the damping increased by up to an order of magnitude, with typical values on the order of 1-10 kg∕s. By comparison, previous measurements using comparable mechanisms with a cooling separation of 5 cm reported stiffnesses on the order of 7 N∕m and no discernible damping. 16 While additional testing is needed to investigate the merits of using patterned rather than conventional magnets, the Swirl magnet considered in these experiments seems less useful Cooling separation Fig. 8 The perpendicular stiffness. As the magnet approaches the superconductor, the stiffness varies by an order of magnitude, increasing sharply as the magnet-superconductor separation vanishes. As a result, the flux-pinning mechanism provides increasing resistance the closer two segments in an edgewise-connected mirror come to colliding. Decreasing the cooling separation leads to stiffer mechanisms.
than a conventional magnet of the same size. Although the Swirl pattern is designed to resist translation, the mechanism using the Swirl magnet typically had a lower stiffness than a mechanism using a conventional neodymium magnet with the same dimensions. Since the Swirl pattern concentrates the magnetic field in the near field, 34, 37 it is possible that less flux penetrates into the superconductor, leading to a lower stiffness. This effect could also influence the amount of damping. Although the mechanism using the Swirl magnet had higher damping than the mechanism using the conventional magnet, the reverse may be true if the mechanisms are modified to include nonmagnetic conductive materials: since the increased damping is due to eddy current damping, the lower flux penetration of the Swirl magnet could correspond to smaller gains.
Although investigating the relationship between mechanism properties, such as the cooling separation and choice of magnet, and the resulting stiffness and damping values provides insight into how to design mechanisms with the desired values, an important result of these measurements is determining the order of magnitude for the stiffness and damping values that can be achieved with inexpensive magnets and cooling separations on the order of 1 mm. Previous modeling work 13 has shown that the mechanism stiffness determines whether the segments of an edgewise-connected mirror act as individual rigid bodies or as a cohesive unit. Changing the stiffness by orders of magnitude (by reducing the cooling separation from 5 cm to 1 mm, for example) can therefore alter the fundamental mirror behavior. We will discuss the behavior of an edgewise-connected mirror using flux-pinning mechanisms in Sec. 4.
Simulated Mirror Performance
To investigate the performance improvements provided by placing flux-pinning mechanisms along the segment edges, we consider the impulse response of a 15-m edgewise-connected mirror composed of two rings of hexagonal segments. The choice of a 15-m mirror is motivated by the preliminary results of the AURA "Beyond JWST" study, which indicate that while the minimum acceptable aperture diameter for the next generation of space telescopes is 6.5 to 8 m, a 12-to 14-m aperture is desired, and a 16-m aperture is highly desirable. 38 Six pairs of flux-pinning mechanisms are placed along each segment edge, with stiffness and damping values representative of the measurements presented in Sec. 3. As a basis for comparison, we consider two additional mirrors: a monolithic mirror with the same size, shape, and material properties as the edgewise-connected mirror; and an edgewise-connected mirror that is identical to the one described above except that the mechanisms have no damping. All three mirrors are mounted identically, and for simplicity, they are kinematically mounted at three points. Consequently, the mechanisms serve as the only connections between the segments of an edgewise-connected mirror; the segments are not also connected via a backplane. Although it is likely that the segments of an edgewise-connected mirror would be mounted individually to a backplane in practice, the problem of segmented mount design is beyond the scope of this paper.
The impulse response for each mirror is determined using a parametric finite-element model. Previous work with this model 13 has shown that the magnitude of the impulse response is affected primarily by the mechanism stiffness. The mechanism stiffness affects the strength of the connections between the segments, determining whether the segments of an edgewiseconnected mirror behave as individual rigid bodies or as a single unit. When the mechanisms are sufficiently stiff that the total bending stiffness along a segment edge is comparable to the bending stiffness of the monolithic mirror, the edgewise-connected mirror behaves similarly to the monolith. In this case, the magnitude of the impulse response for the edgewiseconnected mirror is comparable to that of the monolith since disturbances propagate similarly across either mirror. For lowerstiffness mechanisms, the connections between the segments can be much weaker, and the segments tilt as individual rigid bodies rather than bending together. In this case, the magnitude of the disturbance response can be much lower since disturbances do not propagate as effectively across the edgewise-connected mirror. (As a reminder, the model does not consider the effects of a backplane).
For the example 15-m edgewise-connected mirror, the mechanism stiffness must be on the order of 10 7 N∕m in order for the mirror to behave similarly to the monolith. 13 Since this stiffness is approximately four orders of magnitude larger than the stiffnesses measured in Sec. 3, the mechanisms would need to be stiffened substantially, which may be achievable by using smaller cooling separations or stronger magnets. Although the tested mechanisms are not sufficiently stiff to structurally connect the segments of the example edgewise-connected mirror, their stiffness contributions may lessen the requirements for the mirror support structure.
A particularly interesting application for the tested mechanisms is providing damping to a cryogenic mirror. As shown in Fig. 11 , the damping contributions from the mechanisms improve the impulse response of the edgewise-connected mirror, reducing the number of oscillating frequencies and increasing the decay rate. Though the improvements are modest, more substantial gains are possible with higher damping values. 13 These values may be attainable by placing nonmagnetic conductive materials near the mechanisms. Approaches include placing bulk material adjacent to the mechanisms and fabricating the mirror segments from a nonmagnetic conductive material. The amount of additional damping will likely depend on a variety of factors including the magnet strength, the distance between the material and the moving magnet, the material conductivity, and the amount of material. Quantifying how the amount of material and its placement affect the damping is a subject for future investigations.
Summary
As future astrophysics missions require larger far-IR to submillimeter space telescopes, maintaining the stability of the cryogenic primary becomes increasingly challenging. One approach to increasing the mirror stiffness and damping is to use an edgewise-connected architecture, with flux-pinning mechanisms placed along the segment edges. Consisting of a configuration of magnets and superconductors, flux-pinning mechanisms are uniquely suited for cryogenic mirrors since they require low temperatures to operate, unlike mechanical devices, which can have problems with lubrication, CTE matching, and thermal snap. Like flexures, flux-pinning mechanisms preferentially allow motion in specific degrees of freedom, which depend on the mechanism design. These noncontacting mechanisms are passively stable and require no power other than the amount needed for cooling.
The stiffness and damping contributions from the flux-pinning mechanisms improve the mirror stability and lessen the requirements for the mirror support structure. As an example, we considered a flux-pinning mechanism consisting of a single magnet and superconductor. To examine how this type of mechanism can improve the performance of a sample 15-m mirror, we first measured the mechanism stiffness and damping using a specialized apparatus that we constructed out of Zerodur in order to solve the challenges presented by the need for cryogenic temperatures and nonmagnetic, nonconductive materials, which would not interact with the mechanism. We then entered the measurements into a parametric finite-element model to determine the resulting mirror behavior.
With an inexpensive magnet and a cooling separation on the order of 1 mm, our mechanisms have typical stiffness and damping values on the order of 5000 N∕m and 5 kg∕s, respectively. With these values, the mechanisms provide modest improvements to the mirror performance, increasing the stiffness and decreasing the settling time. Greater stiffnesses can be achieved by using stronger magnets or smaller cooling separations, and the damping can be adjusted independently by placing nonmagnetic conductive materials near the mechanism. Quantifying the increases in damping due to the material amount and placement remains a subject for future investigation.
